Nonsulfur purple photosynthetic bacteria generally possess the adaptive capacity to grow anaerobically (photosynthetically) and aerobically in darkness (energy obtained by respiratory phosphorylation). To develop a test system for study of interactions between the photosynthetic energy-conversion and dark respiration systems and the mechanism by which 02 inhibits bacteriochlorophyll synthesis, we have isolated a mutant of Rhodopseudomonas capsulata that is incapable of dark aerobic growth. Both the parent strain and the mutant strain Z-1 (aer-13) grow readily anaerobically in the light with either malate or succinate as the source of carbon and reducing power. They differ, however, in that membrane fragments ("chromatophores") from the mutant show severely impaired ability to use reduced nicotinamideadenine dinucleotide (NADH) as a source of electrons for respiration, oxidative phosphorylation, or "redox buffering" of the photophosphorylation system. The results presented indicate that the genetic lesion responsible for greatly diminished capacity to oxidize NADH can account for inability of Rps. capsulata Z-1 (aer-13) to grow aerobically in darkness.
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Typical nonsulfur purple photosynthetic bacteria can obtain energy for growth either by anaerobic photophosphorylation or dark aerobic (oxidative) phosphorylation. Analysis of the relations between the two kinds of energy-conversion systems is complicated by the circumstance that they are both localized in the cytoplasmic membrane (and/or its extensions) and may share certain components in common (1) . Furthermore, the relative activities of the respiratory and photophosphorylation systems, in intact cells or derived membranes, and the extent of interactions between them are influenced by the nutritional conditions used for growth. One obvious approach to elucidation of the photosynthesis-respiratory relationships is examination of the comparative biochemistry of wild-type cells and appropriate mutants with specific defects in the aerobic respiration system, and in this communication we describe the major physiological features of a Rhodopseudomonas capsulata mutant of this character. The genetic lesion in the mutant studied effectively blocks use of reduced nicotinamideadenine dinucleotide (NADH) as a source of electrons for respiration. Virtual absence of the NADH oxidase system makes the mutant a valuable test organism for study of the mechanism by which 02 inhibits bacteriochlorophyll (BChl) synthesis and other problems relating to the interactions of respiratory and photosynthetic metabolism.
Abbreviation: BChl, bacteriochlorophyll.
MATERIALS AND METHODS

Bacterial strains and growth conditions
Strain Z-1 is an arsenate-resistant spontaneous mutant (2) of Rps. capsulata strain St. Louis (American Type Culture Collection no. 23782). This served as the parent strain for isolation of respiratory-deficient mutants. We propose the symbol aer to designate those loci that may give rise to mutations that drastically curtail the cell's ability to grow under aerobic, dark (respiratory) conditions, but that have little or no effect on anaerobic photosynthetic growth. One such mutation, aer-13, was isolated in strain Z-1 as follows. A sample of Z-1 cells in the early logarithmic phase of photosynthetic growth in RCV medium (see later) was washed free of nutrients and suspended at a density of about 109 cells/ml in a solution containing 0.01 M KPO4, (pH6.8), 0.1% (NH4)2-SO4, and 100 Mg/ml N-methyl-N'-nitro-N-nitrosoguanidine. The suspension was incubated for 30 min at 300, and the cells were then washed free of the mutagen. Surviving cells (about 3 X 106/ml) were allowed to grow photosynthetically to stationary phase in RCV medium. A portion of this culture was diluted to a density of 2 X 108 cells/ml in RCV supplemented with 20 mM glucose, 0.2% peptone, and 0.1% yeast extract, and the suspension was incubated aerobically in the dark at 300 until one doubling had occurred (2 hr 45 min). Penicillin G (160 units/ml) was added and aerobic dark incubation was continued for 21 hr. Survivors (104/ml) were washed free of penicillin and spread on the surface of agar plates (containing 0.3% each of peptone and yeast extract); the plates were incubated in an illuminated Gaspack Anaerobic System (Bioquest) until colonies of 1-2 mm in diameter formed. The plates were then incubated under aerobic dark conditions for 2 days. Colonies of respiratory-deficient mutants were recognized by the absence of the peripheral ring of lightly pigmented "aerobic" growth that is characteristic of the parental colonies. Several percent of the colonies were clearly unable to grow aerobically in the dark, and Z-1 (aer-13) was chosen from among them. Strains Z-1 (aer-13r1), Z-1 (aer-13r2), and Z-1 (aer-13r3) are independently isolated spontaneous revertants of Z-1 (aer-13), which have regained the ability to grow aerobically in darkness.
The synthetic growth medium (designated as RCV; initial pH, 6.8) used for most experiments contained 0.4% DL-malic acid, 0.1% (NH4)2SO4, 0.0001% thiamin hydrochloride, 0.01 M KPO4, and additional inorganic salts as specified by Ormerod et al. (3) . Illumination for photosynthetic growth was 916 provided by Lumiline lamps (Sylvania) at an illuminance of 500 foot-candela (fcd), unless otherwise noted. Such cultures were grown in vessels filled to capacity with medium, or under argon gas in a glass anaerobic culture device; with the former arrangement, the medium for growth of Z-1 (aer-13) was supplemented with sodium ascorbate (0.5 mg/ml). For routine aerobic growth experiments 125-ml Erlenmeyer flasks, each containing 10 ml of inoculated medium, were swirled at 200 rpm on a gyrotory shaker. Alternatively, in the experiments on effects of oxygen on BChl synthesis, a stream of 5% CO2 in air was bubbled through culture growing in the "anaerobic" device. The temperature of incubation in all instances was about 300.
Preparation of cell extracts and membrane fragments Cell extracts and pigmented membrane fragments ("particles") were prepared essentially as described by BaccariniMelandri et al. (4) , except that the buffer used throughout was 50 mM glycylglycine (pH 7.2) containing 2 mM MgC12. The particles were finally resuspended in the buffer (double strength) and an equal volume of glycerol was added. Enzymatic activities of such suspensions were quite stable to storage at -200 over a period of several weeks.
Analytical methods
Rates of 02 consumption were measured polarographically with a Yellow Springs Instrument Co. oxygen meter, model 51. NADH oxidase activity was also estimated by spectrophotometric determination of initial rate of absorbancy decrease at 340 nm in aerobic reaction mixtures containing, in addition to particles, 0.05 M KPO4 (pH 7.0) and 66 /M NADH. Cytochrome c reductase activities were determined by measuring rates of absorbancy increase at 550 nm in reaction mixtures of the composition: particles, 0.02 M glycylglycine (pH 8.0), 0.01 M sodium azide, 0.027 mM cytochrome c (horse heart), and either 0.2 mM NADH or 3.3 mM sodium succinate; a reduced-minus-oxidized molar extinction coefficient of 2.1 X 104 cm-l was assumed (5).
Oxidative phosphorylation was assayed by measurement of esterification of 82P-labeled orthophosphate as detailed by Melandri et al. (1) . Photophosphorylation activity measurements, also based on esterification of 32pO4-3, were made according to the procedure of Lien et al. (6) with two exceptions, namely, the reaction mixtures contained an ATP "trap" consisting of sulfate-free hexokinase (7.5 units/ml) and 30 mM glucose, and succinate was added only as specified.
Total BChl content of intact cells and pigmented particle preparations was estimated from absorbancy measurements at 775 nm of acetone-methanol extracts (7). For measurement of protein content of particles, the particles were suspended in 0.2 N NaOH, and the solutions were analyzed by the method of Lowry et al. (8) ; the final absorbancy readings were not corrected for the minor contribution of BChl, and bovine serum albumin was used as the standard. RESULTS
Growth characteristics of Z-1 and Z-1 (aer-13);
effects of 02 on BChl synthesis
The photosynthetic growth rates of Z-1 and Z-1 (aer-13) are almost identical (under argon) with malate as substrate; growth rates on succinate are also comparable. As shown in Fig. 1 , the doubling time in the malate synthetic medium is about 160 min at a light intensity of 300 fcd. When the gas phase is changed to 95% air plus 5% CO2 The data of Fig. 1 also demonstrate that the growth rates of Z-1 and Z-1 (aer-13) in the light are diminished when 02 is introduced into the environment. This is particularly evident with Z-1 (aer-13). It seems likely that the significantly reduced growth rate of Z-1 (aer-13) in the presence of air reflects the inhibitory effect of 02 on photophosphorylation, which in this organism cannot be counterbalanced by respir- (aer-13) . This is documented in Fig. 1 (top) which shows the BChl contents per milliliter of cultures which were darkened at the moment aeration was initiated. Identical results were obtained under conditions of continuous illumination (data not shown). These findings provide an explanation for the observation that successful photosynthetic growth of Z-1 (aer-13) with small inocula and air-saturated media requires addition to the medium of a reducing agent such as ascorbate. BChl synthesis proceeds only after the 02 tension is decreased below some critical value (9), and typical nonsulfur purple bacteria have the capacity to achieve this condition through respiratory growth. Since Z-1 (aer-13) is a respiratory-deficient mutant, long lags are observed (depending on inoculum size) before photosynthetic growth starts unless the 02 tension is lowered by exogenous reducing agents. Consistent with this interpretation is the observation that the lag period exhibited by Z-1 (aer-13) in a constant volume of medium (without ascorbate) is inversely proportional to the inoculum size.
Electron transport and oxidase activities in Z-1 and Z-1 (aer-13) membrane fragments From Table 1 it is evident that membrane fragments from photosynthetically grown Z-1 and Z-1 (aer-13) cells show comparable activities in oxidation of succinate with either cytochrome c or 02 acting as electron acceptor. Judging from appropriate reduced-oxidized difference spectra, Z-1 and Z-1 (aer-i3) particles are virtually indistinguishable in respect to content of bound b-and c-type cytochromes. On the other hand, a marked difference is observed in the rates of NADH oxidation. The low activities seen with the Z-1 (aer-13) mutant particles signify a severe block in flow of electrons from NADH into the respiratory chain. Control mixing experiments using Z-1 and Z-1 (aer-13) extracts showed that the respiratory-deficient mutant does not contain a soluble inhibitor of NADH oxidase activity.
of the succinoxidase system in Z-1 (aer-13), the low NADHcytochrome c reductase activity in this strain is interpreted as being due to a block in the transport of hydrogen from NADH to ubiquinone. This conclusion is based on the generally accepted scheme for aerobic electron transfer (10) that envisages two separate sequences leading from succinate and NADH, respectively, to ubiquinone, and a common electron transfer pathway from the quinone to molecular oxygen (with variations in detail in different species). It should be noted that low NADH oxidase activities are observed in crude extracts as well as in purified particle preparations of Z-1 (aer-13), which is evidence that the aer-13 lesion affects the major NADH oxidase system of the bacterium. In separate experiments, not detailed here, the major NADH oxidase activity in Rps. capsulata Z-1 was found to be quite sensitive to rotenone, which is an inhibitor of the NADH ubiquinone oxidoreductase step (ref. 11; about 80% inhibition of total NADH oxidase activity by 20 uAM rotenone). In contrast, the residual activity in Z-1 (aer-13) is virtually insensitive to rotenone. We interpret these observations to indicate that the residual NADH oxidase activity in the mutant represents use of NADH by minor reactions, rather than a leak in the block imposed by the aer-13 mutation.
The results presented in Table 2 demonstrate that revertant strains, which were selected solely on the basis of regained ability to grow under aerobic dark conditions, also manifest significantly increased NADH oxidase activity. This evidence strongly supports the conclusion that the inability of Z-1 (aer-13) to grow aerobically in darkness is, in fact, attributable to its depressed NADH oxidase activity level. However, the possibility that the aer-13 lesion is pleiotropic, leading to other changes as yet undetected, cannot be eliminated at this time.
Phosphorylation properties of membrane fragments from Z-1 and Z-l (aer-13)
The light-dependent and dark oxidative phosphorylation capacities of Z-1 and Z-1 (aer-13) membrane fragments are summarized in Table 3 . In both instances, the same preparation was used for assay of the two kinds of activity. With Z-1 particles, the results are similar to those observed in numerous earlier studies with membrane fragments of nonsulfur purple bacteria. In the absence of added electron donors, Respiration-Deficient Mutant of Rps. capsulata activity is increased somewhat when the assay mixture is incubated anaerobically under argon. Small quantities of succinate or NADH (0.3 mM) stimulate activity considerably, and to about the same extent. These effects are attributed to the well-known phenomenon of "redox buffering." That is, optimal photophosphorylation in vitro appears to require suitable adjustment of the redox states of certain electron carriers concerned; "overoxidation" or "overreduction" leads to marked inhibition of photophosphorylation; and this can be prevented, or reversed, in varying degree by endogenous hydrogen donors (under argon), succinate, and NADH (12) (13) (14) . The data of Table 3 suggest that the Z-1 (aer-13) particles are more susceptible to "overoxidation" than those of Z-1; and it is particularly noteworthy that, whereas succinate is an effective agent for adjusting the redox balance of Z-1 (aer-13), NADH shows a marginal effect. The latter is consistent with the evidence presented above for a block in Z-1 (aer-13) in respect to use of the reducing power potentially available in NADH.
Although the results with membrane fragments of Z-1 (aer-13) show a significant capacity for dark oxidative phosphorylation with succinate, the phosphorylation activity with NADH as substrate is low and considerably reduced as compared with Z-1. These activities are interpreted to represent maximal capacities of "photosynthetic membranes" that evidently cannot be realized in Z-1 (aer-13) cells forced to depend on dark oxidative phosphorylation as the source of energy. DISCUSSION
The essential features of the energy-converting systems of nonsulfur purple bacteria are summarized in a simplified fashion in Fig. 2 . Since the bulk of the reducing power derived from reactions of the citric acid cycle is generated in the form of reduced pyridine nucleotide, it-is reasonable to believe that elimination of this source of electrons for oxidative phos- phorylation-due to absence of NADH dehydrogenase activity-would impose a severe limitation on the energy supply (ATP) available for dark aerobic growth. Under anaerobic photosynthetic conditions, the cyclic electron flow system driven by light furnishes ATP (photophosphorylation), and the reduced pyridine nucleotide required for biosynthesis may be generated in at least two ways; namely, by ordinary dehydrogenase reactions and by energy-linked "reverse" electron transfer when the substrate has a relatively high redox potential'(e.g., succinate; 15, 16). Rps. capulata Z-1 (aer-13) grows readily with succinate as the sole carbon and reducing power source, anaerobically in the light, and it therefore seems possible that succinate-dependent reduction of NAD+ may involve an "NAD+ reductase" that is relatively ineffective in catalyzing NADH oxidation.
High oxygen tension inhibits both synthesis and activity of certain enzymes involved in BChl formation (17) , and it has been suggested that 02 controls BChl synthesis through its effects on the redox state of an unidentified electron tran&. port carrier that functions as a "regulator" (9, 18) . The fast cut-off of BChl formation caused by introduction of 02 argues for inhibition of enzyme activity as the predominant feature of the effect (19) . In our experiments, Z-1 and Z-1 (aer-1S) growing photosynthetically show identical behavior in this respect. Since the NADH oxidase system is essentially nonfunctional in Z-1 (aer-13), an explanation of the 02 effect based on a "regulator" in the NADH -°0 2 respiratory chain is made less plausible.
It is evident that various genetic lesions could lead to "respiratory deficiency" in nonsulfur purple bacteria. Thus, Wittenberg and Sistrom (18) have described a mutant of Rps. &pheroides that grows readily in darkness at low 02 pressure, but not at normal 02 tension. Their isolate seems to have a deficiency in regulation of synthesis of some component(s) involved in electron transport. Further exploration of mutants with the aer and similar phenotypes should help clarify the respiratory mechanisms of nonsulfur purple bacteria, and the molecular bases of generic and species differences found among photosynthetic bacteria in respect to molecular oxygen.
